Results

Identification of Genes Expressed in Satellite Cell-Derived Myoblasts
To gain insight into the developmental program responsible for the differentiation and activation of skeletal muscle satellite cells, representational difference analysis (RDA) of cDNAs was employed to identify genes expressed specifically in satellite cell-derived myoblasts (Hubank and Schatz, 1994 ). This analysis resulted in the identification of 17 distinct products corresponding to 12 known and 5 potentially novel genes by searching GenBank (NCBI) using the FASTA program (unpublished data). RDA clone dp3-7 encoded a fragment from within the Pax7 mRNA. Pax7 is a member of the paired-box family of transcription factors that play important regulatory roles in the development of diverse cell lineages (Mansouri, 1999) . Therefore, a full-length 4.3-kb Pax7 cDNA was isolated from an adult mouse skeletal muscle cDNA library (Clontech) to facilitate further analyses ure 1). These analyses demonstrated that Pax7 was expressed exclusively in proliferating primary myoblasts, three independent mice by using three separate sewith comparable levels of expression in both wild-type quences as anti-sense cRNA probes to verify the exand Myo Ϫ/Ϫ cultures ( Figure 1A ). However, Pax7 mRNA pression patterns described. Approximately 5% of muswas downregulated after myogenic differentiation (Fig- cle nuclei (including satellite cell nuclei and myonuclei) ure 1A). Furthermore, Pax7 was not expressed at detectwere associated with Pax7 expression in adult wild-type able levels in a variety of nonmuscle cell lines (Figure muscle. By contrast, the number of Pax7-positive cells 1B). Rather, Pax7 was strictly expressed in myogenic increased to 22% in MyoD Ϫ/Ϫ muscle. The increased cells, including low levels in proliferating C2C12 mouse expression of Pax7 in MyoD Ϫ/Ϫ muscle strongly supports myoblasts, which is a continuous cell line originally dethe notion that Pax7 is expressed in satellite cells, berived from satellite cells ( Figure 1B ). In addition, Pax7 cause previous work has revealed that MyoD-deficient mRNA was not detectable in 20 g of total RNA from muscle contains increased numbers of satellite cells several adult mouse tissue samples ( Figure 1C ). Analysis (Megeney et al., 1996) . At high magnification (200ϫ), of poly(A) ϩ RNA from select mouse tissues revealed Pax7 appeared to be expressed in cells residing beneath expression of Pax7 at low levels only in adult skeletal the basal lamina of wild-type muscle fibers in positions muscle (not shown). Therefore, in adult mice, Pax7 excharacteristic for quiescent satellite cells ( Figure 2C ). pression appears specific to the satellite cell myogenic To determine whether Pax7 was upregulated in regenlineage.
erating skeletal muscle, we analyzed 3-week-old mdx and compound mutant mdxMyoD Ϫ/Ϫ skeletal muscle by Pax7 Is Expressed in Satellite Cells in situ hybridization. Lack of dystrophin protein causes To localize Pax7 mRNA in skeletal muscle, we performed mdx muscle to undergo repeated cycles of muscle dein situ hybridization on fresh frozen sections of tibialis generation and regeneration (Sicinski et al., 1989) . As anterior and gastrocnemius muscles from wild-type predicted, given the high levels of expression in cultured (Balb/c), MyoD 2B, 2D, and 2F) . The in press Pax7. Lastly, a similar distribution of immunoreactive nuclei was observed in muscle sections stained with situ hybridization was repeated on muscle sections from 
Complete Ablation of Satellite Cells in Pax7
Ϫ/Ϫ Muscle of the following: a plasma membrane separating the satellite cell from its adjacent muscle fiber, an overlying To determine whether or not satellite cells were present in mutant animals, we used transmission electron mibasal lamina continuous with the satellite cell and associated fiber, and the characteristic heterochromatic croscopy (TEM) to analyze skeletal muscle from wildtype and Pax7 Ϫ/Ϫ mice. Biopsies from gastrocnemius appearance of the nucleus (reviewed in Bischoff, 1994). Satellite cells were readily identified in wild-type muscle of three 7-to 10-day-old wild-type mice and mutant littermates were analyzed by TEM. For each muscle and comprised 25% of peripheral sublaminar nuclei (n ϭ 300) ( Figures 5A-5D ). By contrast, satellite sample, 100 peripheral sublaminar nuclei were analyzed and identified as either satellite cell or myofiber nuclei. cells could not be identified in Ͼ300 sublaminar nuclei examined from mutant muscles ( Figures 5E and 5F ). Criteria for the identification of satellite cells consisted The colony-forming assays summarized in Figure 6I depict the average number of hematopoietic, skeletal myocyte, and other (e.g., fibroblast and adipocyte) colonies from seven independent isolations performed in triplicate. Therefore, stem cells isolated from muscle lacking Pax7 exhibited a strongly increased propensity toward hematopoietic differentiation and were incapable of forming adult myoblasts. Importantly, highly purified SP cells from wild-type muscle convert to myoblasts under the appropriate culture conditions (Gussoni et al., 1999). Taken together, these results suggest the hypothesis that induction of Pax7 in pluripotent musclederived stem cells directs the specification of satellite cells through restriction of developmental potential (Figure 7) .
Discussion
Pax7 was molecularly cloned by RDA in a screen designed to identify genes specifically expressed in the muscle satellite cell lineage. On the basis of Northern blot analysis, expression of Pax7 was confined to proliferating myoblasts and was strongly downregulated dur- diseases, including muscular dystrophy. For example, ectopic expression of Pax7 and dystrophin in pluripoten-
